A very high resolution (VHR) digital elevation model (DEM) is produced from a GeoEye-1 0.5-mresolution satellite stereo pair and is used for floodplain management and mapping applications such as watershed delineation and river cross-section extraction. For this purpose, a 2 m × 2 m resolution terrain surface is produced from the stereo pair by using the Leica Photogrammetry Suite (LPS) 
INTRODUCTION
Floods are among the world's most costly disasters with the estimated cost of flood damage in Europe increasing significantly in the past decades (Re ; Barredo ) . In 2002 only, Europe suffered over 10 billion Euros in damages and dozens of people were killed (Toothill ) . Flash floods constitute a great challenge in civil protection as they represent a great destructive force. Within minutes to a few hours from the causative storm event, flash flood water levels can reach their peak, leaving insufficient warning time to prevent human casualties (Borga et al. ; Collier ) . They occur both in areas with no flooding history and areas with such frequent floods that flooding is considered a local climate component (Llasat et al. ) .
The flooding potential of a hydrological basin is mainly subject to increasing human activity such as urbanization that reduces infiltration leading to the increase of surface Furthermore, some regions in LiDAR data have null values due to self-occlusion of buildings (Lee et al. ) or the presence of water bodies (Awrangjeb et al. ) . Synthetic aperture radar interferometry (InSAR) is also a highly effective tool for extracting DEMs, with vertical accuracy that can range from c. 1 m to c. 10 m (Sanders ) depending on altitude of observation (Figure 1 ). InSAR can penetrate cloud cover with negligible attenuation, but suffers in highly vegetated areas and effects such as shadowing and layover limit its applicability to flat and moderately rough terrains (Eineder ) . The intended use of the GeoEye GeoStereo product is to 
METHODOLOGY DEM extraction
The first requirement for a DEM from satellite imagery is a Figure 2 . Depending on the type of solution, a terrain-dependent or independent approach can be followed, with the final step of either approach always being an RPC (Figure 2 ). In the case where one of them is available, as in the case of GeoEye-1 imagery, GCPs are used in refinement of the RPC solution.
The advantage of rational functions is that they are sensor independent, which means that the user does not need to know all of the specific internal and external (1) and (2): depicting the same object has to be specified is order to solve Equations (1) and (2) 
DEM quality
The quality of each DEM product against measured points can be estimated using the Root Mean Square Error (RMSE) of elevations defined in Equation (3):
where z i is the elevation of the measured point i considered as ground truth, b z i is the elevation of point i on each DEM product and n is the number of the measurements. The statistics of the relative error of elevation estimation (b z i À z i )=b z i can also provide valuable information about the distribution of error. Total watershed area, the upslope area that contributes flow to a common outlet at the lowest point along the boundary of the watershed, can be used as a means of comparison among DEM products.
Another indicator of DEM quality is the average Euclidean distance of the estimated flow path from the actual stream centerline. Flow path P(x i , y i ) can be extracted using the method of deriving accumulated flow from a DEM presented in Jenson & Domingue () , while the stream centerline S(x j , y j ) can be measured in the field or estimated otherwise. Given that individual points in P and S are not necessarily equidistant or the same in number (i ≠ j), the average distance d to the flow can be approximated using Equation (4):
or otherwise, the average Euclidean distance of each point of P with the closest point of S.
Hydraulic modeling
The Hydrologic Engineering Center, River Analysis System 
Terrain data availability
Selection of the most cost-effective high-resolution stereo product for the case study followed a simple ranking of costs for each available technological option (Table 1) the GCPs were used as control points during the DEM extraction algorithm while the remaining 80 points in the set were used as check points for DEM accuracy validation.
Additional GCPs were collected using a total station, an electronic theodolite (transit) integrated with an electronic distance meter to read coordinates from the instrument to a particular point. Total station measurements are taken only with respect to the instrument; they therefore have to be referenced later using GPS measurements.
A total of 650 validation points were collected using this method. From those, 500 points comprise a set of narrow 
RESULTS
The selection of GCPs on stereo-pair images is usually a subjective process that needs caution, as the extracted DEM quality is highly dependent on them. During the course of the study, it was determined that the quality of the initial RPC correction is such that the sensitivity of the overall quality to the number of check points is relatively small.
In order to document this lack of sensitivity, DEMs of the same resolution (2 m × 2 m) were produced using a varying number of control points randomly selected from the set of 10 GCPs reserved for control. Figure 8 shows that the RMSE of check points against GPS measurements for correction remains relatively steady around 0.9 m. It is therefore inferred that the margin for further corrections is narrow and the number and location of GCPs have limited impacts on the precision of object point determination. This finding is in agreement with previous studies using RPC The quality of each available DEM was initially evaluated by calculating the RMSE of the elevation of control, check and validation points against the respective elevation estimated at each DEM at the same location ( Table 2 ). The results show that the stereo-pair-produced DEM scored the smallest RMSE (0.79 m for control points, 0.90 m for check points and 1.06 m for validation points). The RMSE was found to be lower than that obtained by aerial photos (1.88, 1.30 and 1.14 m, respectively) and significantly lower than the SRTM90 and HMGS30 products (Table 2) . It is interesting to note that control and check points were collected using only GPS measurements, making them potentially less likely to be affected by the inherent systematic error of the 650 validation points that were collected by transit and referenced by GPS. Consecutively, the GeoEye-1 stereo-pair-derived DEM yields a meter or sub-meter resolution which makes it a good candidate for a wide range of applications.
In terms of total delineated watershed area, the four that correspond to 1.2% larger and 3.3% smaller area comparing to the stereo-pair-generated DEM (Table 2) .
While there is no objective method to estimate the true watershed area at a given resolution, results show that discrepancies are not significant. Furthermore, taking advantage of the superior absolute horizontal accuracy of GeoEye-1 (4 m CE90, horizontal, without GCP, for the stereo product) over the relatively lower absolute vertical accuracy (6 m LE90, vertical, without GCP), the main stream channel of the watershed was manually digitized and used to estimate its average distance d from extracted
DEMs. The two lower-resolution DEMs (HMGS30 and SRTM90) fail to capture the river position (Figure 9 ). Analysis of the average distance between the manually digitized and DEM-produced stream centerline was conducted for show that the stereo-pair-generated DEM delivered profiles that were very close to those acquired by total station (Table 2, Figure 11 ). The comparison between the different DEMs reveals that the lower-resolution DEMs (HMGS30, SRTM90) fail to describe the profile geometry; the low resolution acts as a smoothing filter of the field. At the same time, even the finer-resolution aerial-photos-generated DEM (while improved) failed to capture the depth of the stream as the channel width can often measure less than 10 m. In contrast, the stereo-pair-generated DEM describes width and depth of both cross-sections well in the cases S1 and S2 (Figure 10 ). In profiles S3, S4 and S5, the stereo-pair-generated DEMs exhibit very good agreement compared to the total station measurements, capturing both the changes of the ground slope and the ground elevation in detail. The aerial-photo-generated DEM is also close to the ground truth (Table 2, Figure 11 ). In some parts of the profiles, it however over-or underestimates the ground elevation while exhibiting poor fit in small and On the other hand, coarser DEMs yield average relative errors over 70% with a decreasing trend (Table 2) In a comparative study, the superiority of the highresolution DEM over lower-resolution products such as the 10 m DEM is evident (Figure 12 Further research could also include the comparison of DEMs extracted from competitive commercial products such as WorldView-2 stereo-pair imagery.
